Introduction
In patients with type 2 diabetes, the goals of pharmacotherapy are to reduce the risks of microvascular and macrovascular complications by achieving glucose values near the normal range, consistent with glycated haemoglobin (HbA1c) targets. Consensus statements by major organisations recommend HbA1c levels at or below 7% (1-3) or 6.5% (4) . As blood glucose levels tend to rise over time despite pharmacotherapy (5), most patients require periodic intensification of therapy as the disease progresses. In addition to lifestyle modification, the consensus treatment algorithm from the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD) recommends a stepwise approach to therapeutic intensification (3) .
Even after addition of insulin, many patients fail to reach therapeutic targets (6) (7) (8) (9) (10) (11) . Moreover, insulin therapy is associated with iatrogenic hypoglycaemia (12) and weight gain (13) . These concerns have generated recent commentary on optimum management strategies for type 2 diabetes (14, 15) . This review examines the benefits and risks of adding exenatide twice daily, a glucagon-like peptide 1 (GLP-1) receptor agonist, in patients with type 2 diabetes who are currently treated with basal insulin, but have failed to reach their glycaemic goals. Data from a randomised trial reported by Buse et al. (16) and several observational studies that evaluated the combination of insulin and exenatide (17) (18) (19) (20) (21) (22) (23) (24) are reviewed to provide the basis for practical approaches to implement therapy with these two pharmacological agents.
S U M M A R Y
Background: Type 2 diabetes is a progressive disease that requires stepwise additions of non-insulin and insulin therapies to meet recommended glycaemic goals. The final stage of intensification may require prandial insulin, adding complexity and increased risks of hypoglycaemia and weight gain. Aims: This review assesses the benefits and risks of adding exenatide twice daily, a glucagon-like peptide 1 receptor agonist, in patients with type 2 diabetes who are currently treated with basal insulin, but have failed to reach their glycaemic goals. Methods and Results: Based on data from published studies, exenatide has a number of actions that complement basal insulin therapy. Exenatide has been shown to increase glucose-dependent insulin production, suppress abnormal plasma glucagon production, slow gastric emptying, enhance liver uptake of glucose and promote satiety. A recently published randomised clinical trial reported that the addition of exenatide twice daily to titrated basal insulin provided greater glycaemic control than titrated basal insulin alone, and did so without an increase in hypoglycaemic events and with modest weight loss. Exenatide use was associated with gastrointestinal side effects. The recent randomised trial confirmed and extended data from a number of prior observational studies that demonstrated the efficacy and safety of insulin ⁄ exenatide combination therapy. Practical considerations for adding exenatide twice daily to ongoing basal insulin are discussed.
Review criteria
PubMed and the Cochrane Central Register of Controlled Trials were searched for clinical trials that had the words 'exenatide' and 'insulin' in the title or abstract. Retrieved studies were examined on a case-by-case basis to identify those describing insulin ⁄ exenatide combination therapy. In addition, general information was gathered from the literature published on PubMed (until 01 February 2012) on the topics of type 2 diabetes, exenatide and insulin.
Message for the clinic
In patients with type 2 diabetes who have failed to reach glycaemic goals, studies suggest that adding exenatide twice daily to actively titrated basal insulin results in robust reductions in HbA1c, modest weight reduction, no significant increase in hypoglycaemia and a possible reduction in insulin dose. The combination appears to be efficacious across a range of patient types. Several titration regimens are provided in this review, along with recommendations for down-titration of insulin in patients with minimally elevated fasting plasma glucose levels or an HbA1c < 8%.
Rationale for combining exenatide twice daily and basal insulin Type 2 diabetes is characterised by a progressive increase in fasting and postprandial plasma glucose concentrations ( Figure 1) (25, 26) . Worsening hyperglycaemia in type 2 diabetes may result from a number of inter-related pathologies, including decline in betacell function, insulin resistance, increased hepatic glucose production associated with inappropriately high levels of glucagon and reduced GLP-1 production. This multi-system involvement and complex progressive pathophysiology support the concept that multidrug treatment, which targets multiple functional defects of the disease, may be necessary for maintenance of optimal glycaemic control as the disease advances (26) . Consequently, the current ADA ⁄ EASD treatment algorithm recommends the use of multiple antihyperglycaemic drugs with different mechanisms of action to maximise therapeutic benefit (3).
Based on its mechanism of action, exenatide is a pharmacological agent that should complement the actions of basal insulin. Mammalian GLP-1, a hormone released from the intestinal mucosa during meals, normally functions to reduce postprandial blood glucose via stimulation of glucose-dependent insulin secretion and suppression of glucagon (27) . Exenatide has 53% amino-acid sequence homology with native human GLP-1 (27) and recapitulates many of its antihyperglycaemic activities in patients with type 2 diabetes (28-31). Thus, exenatide increases insulin production and secretion in response to hyperglycaemia, suppresses inappropriate plasma glucagon secretion, slows gastric emptying and decreases hepatic glucose production, all of which combine to lower blood glucose. In the US, exenatide twice daily (ByettaÒ, Amylin Pharmaceuticals, LLC) is indicated for subcutaneous administration prior to the two main meals of the day for the treatment of type 2 diabetes in patients with inadequate glucose control (32) . Exenatide twice-daily treatment was primarily associated with a significant reduction in prandial glucose, whereas basal insulin was predominantly associated with reduced fasting plasma glucose (FPG) (33, 34) . Thus, evidence suggests that exenatide twice daily and basal insulin may have naturally complementary effects on glucose control.
The safety profile of exenatide therapy was exhaustively evaluated in a recent integrated safety analysis of pooled data from 19 completed randomised controlled clinical trials (35) . In total, the meta-analysis examined 5594 study patients (3261 on exenatide; 2333 on comparators) who had received, on average, 166-171 days of study drug exposure. Relatively, few patients discontinued from the trials because of an adverse event (8% of patients on exenatide and 2% in the pooled comparator group). The most common adverse events in patients on exenatide were gastrointestinal in nature and included nausea [37% for exenatide vs. 8% for comparators; risk difference (RD) 29% (95% CI, 26.6-30.6)], vomiting [14% vs. 3%; RD 11% (95% CI, 9.3-12.0)] and diarrhoea [11% vs. 5%; RD 5% (95% CI, 3.8-6.6)]. The incidence of nausea and vomiting decreased substantially with increasing time on exenatide. The incidence of hypoglycaemia (minor or major) with concomitant sulfonylurea (exenatide 26.5%, pooled comparator 20.7%) was higher than that without sulfonylurea (exenatide 3.1%, pooled comparator 2.7%). Serious adverse events, discontinuations because of serious adverse events and deaths were reported with similar frequency in the exenatide and pooled comparator groups. Composite exposure-adjusted incidence rates were not statistically different between groups for pancreatitis, renal impairment or major adverse cardiac events; there was a difference in incidence rates for benign thyroid neoplasm (0.3% vs. 0%).
In the USA, exenatide twice daily is approved for use with insulin glargine in patients requiring additional glycaemic control, based on the study by Buse and colleagues (16) , whereas in the European Union, exenatide twice daily is approved for use with other basal insulins (including neutral protamine Hagedorn insulin). The clinical approaches proposed in this article focus exclusively on the addition of exenatide to insulin glargine. Exenatide has not been approved for use with insulin mixtures or any short-acting insulins and, thus, no guidance about such combinations is provided. Exenatide twice daily and insulin combination therapy in type 2 diabetes: clinical studies Buse et al. (16) performed a prospective, parallel, randomised, placebo-controlled trial that compared exenatide twice-daily injections or placebo added with actively titrated insulin glargine (Table 1) . A key feature of the trial was its use of a validated insulin intensification algorithm based on the regimen described in the earlier Treat-to-Target Trial (10) . The algorithm mandated insulin titration according to a simple regimen that targets FPG concentrations to £ 100 mg ⁄ dl (5.6 mmol ⁄ l) ( Table 2 ). The methods and results in the Buse et al. study (16) therefore demonstrated not only the efficacy and safety of titrated insulin glargine in combination with exenatide in a clinical trial setting, but also can be used to support the practical approaches recommended in the next section.
In the trial, adult patients with type 2 diabetes on insulin glargine with or without metformin or pioglitazone (or both agents) were randomised to either exenatide twice daily (n = 138; HbA1c, 8.32 ± 0.85%; body mass index, 33. ; duration of disease, 12 ± 7 years) for 30 weeks. (One participant in each arm did not receive any study drugs, so the analyses were performed on 137 and 122 participants respectively). At randomisation, participants with HbA1c > 8.0% continued to receive their current insulin glargine dose, whereas those with HbA1c £ 8.0% decreased their dose by 20% to minimise the risk of hypoglycaemia. Exenatide twice daily (5 lg b.i.d. for 4 weeks followed by 10 lg b.i.d.) or placebo was then added, while the basal insulin doses were maintained. At 5 weeks, insulin glargine was actively titrated to a target FPG < 100 mg ⁄ dl (< 5.6 mmol ⁄ l) according to a modified form of the Treat-to-Target protocol (10) . Participants continued their prestudy doses of metformin and pioglitazone throughout the study period.
Both treatment groups had nearly identical reductions in FPG at 30 weeks [-1.6 vs. -1.5 mmol ⁄ l ()28.8 vs. )27 mg ⁄ dl)], indicating similar responses to the insulin adjustment algorithm. Final mean FPG levels from self-monitored blood glucose measurements were 117 mg ⁄ dl (6.5 mmol ⁄ l) and 118 mg ⁄ dl (6.6 mmol ⁄ l) in the exenatide and placebo groups respectively. Reductions in all other glycaemic parameters were greater in the exenatide group than in the placebo group, including HbA1c ()1.74% vs. )1.04%; p < 0.001; Figure 2 ), proportion of patients reaching HbA1c £ 7% (60% vs. 35%; p < 0.001) and proportion of patients reaching HbA1c £ 6.5% (40% vs. 12%; p < 0.001). At 30 weeks, self-monitored blood glucose values were also lower at all non-fasting time points in the exenatide group (p < 0.001), as were morning and evening postprandial glucose excursions. Insulin dosage increased from baseline in both groups, but the increase was greater in the placebo group (20 vs. 13 units per day; p = 0.030). Despite the increase in insulin dose, mean body weight decreased by 1.78 kg in the exenatide group, whereas it increased by 0.96 kg in the placebo group (p < 0.001) (Figure 3) . Thus, the combination of exenatide and titrated insulin glargine provided greater glycaemic control than basal insulin alone, and did so with modest weight loss and no increased risk of hypoglycaemic events.
More exenatide recipients than placebo recipients discontinued the study because of adverse events [13 (9%) vs. 1 (1%), respectively; p < 0.010]. Serious adverse events were evenly distributed between groups, and none was experienced by more than two participants in either group. One death (resulting from myocardial infarction) occurred in the placebo group. No treatment-emergent pancreatitis, acute renal failure or cancer occurred. The number of hypoglycaemic events per participant per year did not differ significantly between the two groups, although nausea (41% vs. 8%), diarrhoea (18% vs. 8%), vomiting (18% vs. 4%), headache (14% vs. 4%) and constipation (10% vs. 2%) were more prevalent in the exenatide group.
Eight observational studies also examined insulinexenatide combination therapy in patients with type 2 diabetes (17-24) ( Table 1) . Seven of these (17) (18) (19) (21) (22) (23) (24) were consistent with the Buse et al. study (16) in showing reductions in blood glucose in patients who had added exenatide to insulin therapy. All showed reductions in patient weight. In addition, several of the observational studies reported a concomitant reduction in insulin dose. The incidence of reported severe hypoglycaemia according to the definitions within each study was low. One of the largest of these studies is an example of one of these observational studies. The Association of British Clinical Diabetologists (ABCD) nationwide exenatide audit collected data across 126 centres in the UK (18, 36) . In total, 1257 patients in the ABCD study received exenatide treatment as add-on to continuing insulin therapy (primarily in combination with oral antidiabetic agents). Patients treated with a combination of exenatide twice daily and insulin experienced a mean HbA1c reduction of 0.51%, weight reduction of 5.8 kg, insulin dose reduction of 42 units per day and insulin discontinuation rate of 16.6%. Table 1 Insulin ⁄ exenatide combination studies fl By 10% or 4 U (whichever is the greater) in the presence of grade 3 hypoglycaemia or mean glucose readings < 56 mg
Otherwise, fl 5% or 2 U (whichever is greater) The increase in daily dose should not exceed more than 10 U ⁄ day or 10% of the current daily dose, whichever is greater. 
The trial-management system suggested changes in insulin dosages according to the following rules. Maintain prebedtime insulin doses if more than 2 ⁄ 3 of prebreakfast and pre-evening meal glucose readings are within range. Increase prebedtime insulin dose (when no hypoglycaemia) if more than 1 ⁄ 3 of prebreakfast meal glucose readings remain high. Add a prebreakfast insulin injection if glucose readings are at target before breakfast, but not before the evening meal and nocturnal hypoglycaemia limits further prebedtime insulin dose increases. Decrease insulin doses in the presence of: (i) any Grade 2 or 3 hypoglycaemic episode at relevant time points; and (ii) mean glucose readings< 70 mg ⁄ dl (< 3.9 mmol ⁄ l) at relevant time points.
ààTrial compared detemir vs. glargine. Basal insulin was initiated at 12 U ⁄ day. Final mean FPG was 131 mg ⁄ dl (7.27 mmol ⁄ l) in the once-daily detemir group and 126 mg ⁄ dl (6.98 mmol ⁄ l) in the glargine group. § §Add 2 units if no response to previous insulin adjustment; no response is defined as occurring if the average self-monitored plasma glucose level is increased and ⁄ or within the same range as the last contact.
Addition of exenatide twice daily to basal insulin
The retrospective chart review by Yoon et al. (21) provided greater detail, especially regarding temporal effects, than many other studies. This university-based study examined 188 patients with type 2 diabetes who had received insulin plus adjunctive exenatide for a mean duration of 350 ± 208 days (mean baseline parameters: HbA1c, 8.05 ± 1.47%; age, 56 ± 9 years; body mass index, 40.4 ± 8.4 kg ⁄ m 2 ; and total daily insulin dose, 99.9 ± 90.0 U). The last observations in four prespecified time intervals (0-6, 6-12, 12-18 and 18-27 months) were used in the analyses. Mean changes in HbA1c were -0.66 ± 1.54% at 0-6 months (p < 0.001); )0.55 ± 1.4% at 6-12 months (p < 0.001); )0.54 ± 1.83% at 12-18 months (p = 0.019); and )0.54 ± 1.37% at 18-27 months (p = 0.020). Weight decreased significantly at each time point (2.4-6.2 kg across the four time points). The total mean daily dose of insulin was decreased in all patients at the 0 to 6-month ()18.0 ± 49.9 U; p < 0.001) and 6 to 12-month ()14.8 ± 35.3 U; p < 0.001) intervals. Significant decreases were observed in the daily prandial insulin doses for all four intervals, but basal insulin doses did not change. In the study, 26% of patients discontinued exenatide because of adverse events. The most common adverse events were mild nausea and vomiting. One patient (0.4%) experienced mild hypoglycaemia.
Practical considerations
Exenatide twice daily has been available in the USA since 2005 for treatment of hyperglycaemia in type 2 diabetes. In the US, it was initially indicated as an add-on therapy after the failure of oral agents and, then, as monotherapy (32) . In addition, several studies demonstrated the advantages of initiating exenatide twice daily prior to insulin after oral agent failure with respect to weight gain and, potentially, hypoglycaemia (34, 37, 38) . Thus, the data described in the prior section expands the clinical considerations for exenatide twice daily still further by including patients who already require basal insulin. Exenatide twice daily added to insulin glargine has been approved in the US for the treatment of type 2 diabetes. It is approved in combination with any basal insulin in the EU.
Patient selection
Selection criteria for patients who may be appropriate for the combination of basal insulin and exenatide twice daily can be informed by data from the randomised trial of Buse et al. (16), as well as the previously described observational studies (17) (18) (19) (20) (21) (22) (23) (24) . As patients in these studies had initial mean HbA1c values ranging from 7.8 to 9.52% (Table 1) , the complementary effects of basal insulin plus exenatide twice daily appeared to be observed across a wide range of HbA1c values. This may be consistent with the observations of Monnier et al. (39) , who showed that FPG (primarily targeted by basal insulin) is the major contributor to HbA1c when HbA1c values are very elevated, whereas postprandial glucose (primarily targeted by twice-daily exenatide) is the major contributor to overall hyperglycaemia at lower HbA1c levels. A follow-up report to the Buse et al. study (16) also found that patients treated with exenatide maintained efficacy across a wide range of durations of type 2 diabetes, i.e. HbA1c reduction was the same in patients with > 15 years of disease as it was in disease of shorter duration (40) . Finally, patients on high doses of insulin (e.g. > 0.5 U ⁄ kg) exhibited reductions in both HbA1c (16) and insulin use (18, 20, 21) after the addition of exenatide. Thus, the addition of twice-daily exenatide to titrated insulin glargine may be considered in multiple types of patients with type 2 diabetes that have sub-optimal glycaemic control.
Avoiding hypoglycaemia
The principal practical challenge in adding exenatide twice-daily therapy for patients already on basal Figure 2 Effects of exenatide twice daily plus optimized insulin glargine versus optimized insulin glargine on HbA1c (16) Figure 3 Effects of exenatide twice daily plus optimized insulin glargine versus optimized insulin glargine on body weight (16) insulin is the risk of hypoglycaemia, coupled with minimal knowledge regarding home glucose levels. In actual practice, many patients perform home glucose monitoring only in the fasting state. FPG, however, is a poor predictor of overall blood glucose control and, in particular, provides no information about postprandial hyperglycaemia, the period when exenatide exerts most of its benefit. Titration of basal insulin frequently does not take into account elevation of postdinner hyperglycaemia, so for a subset of patients, morning FPG may reflect a substantial fall from bedtime levels. As exenatide twice-daily therapy may reduce postprandial glucose readings by more than 100 mg ⁄ dl (5.6 mmol ⁄ l) and FPG by 25 mg ⁄ dl (1.4 mmol ⁄ l) (28), sensible reduction in basal insulin is prudent as a safety measure to avoid hypoglycaemia at the initiation of exenatide therapy.
Insulin titration
Multiple titration regimens for basal insulin have been examined in clinical trial settings, each targeting FPG to normal or near normal levels (9-11,16,41-43) ( Table 2 ). The regimen used in the Buse et al. study (16) has been tested in combination with twice-daily exenatide in a rigorous prospective clinical trial setting and can therefore be recommended. This simple regimen, a modified version of the Treat-to-Target protocol first described by Riddle et al. (10) , titrates basal insulin once weekly for 5 weeks, then at least biweekly thereafter, based upon mean FPG values from the previous 3-7 days. The protocol also mandates downtitration of basal insulin after individual instances of FPG readings that fall below target. Notably, the modified Treat-to-Target regimen in combination with exenatide resulted in mean FPG values under 120 mg ⁄ dl with acceptable hypoglycaemia risk (16) .
The other basal insulin titration protocols described in Table 2 have not been examined in prospective clinical trials with exenatide, but a variety of observational studies have reported on different types of approaches for insulin-exenatide combination therapy and found good efficacy with little risk of hypoglycaemia (17) (18) (19) (20) (21) (22) (23) (24) . Based on the results of these reported observations, treating physicians may, therefore, feel comfortable incorporating other regimens that best fit the needs of their patients, provided that they adhere to certain precautions. Exenatide administration should follow the recommended dosing of 5 lg b.i.d. for 4 weeks followed by 10 lg b.i.d. as tolerated. When exenatide is added to insulin, downtitration of the insulin dose should be considered. Buse et al. (16) reduced insulin by 20% for all participants whose entry HbA1c was £ 8.0% (16) 
Other incretin therapies in combination with basal insulin
Two other GLP-1 receptor agonists are currently available in the USA and the European Union: exenatide once weekly, and liraglutide once daily (49, 50) . Neither of these agents has been studied as add-on therapy to basal insulin in patients who exhibited inadequate glycaemic control on basal insulin alone (± oral antidiabetic agents), as described in the Buse study (16) . Whether the results and recommendations reported here with exenatide twice daily apply to exenatide once weekly or liraglutide, therefore, remains uncertain.
Liraglutide has also been examined in combination with a basal insulin, but the order of addition was different from the Buse study (16), i.e. basal insulin was added to patients who had inadequate glycaemic control on prior liraglutide therapy, rather than vice versa. Thus, in one prospective study, 323 patients with type 2 diabetes uncontrolled on metformin plus liraglutide (baseline HbA1c, 7.6%) were randomised to add-on insulin detemir (n = 162) or continuation without insulin detemir (n = 161). After 26 weeks of therapy, HbA1C changed by )0.5% with insulin detemir and + 0.02% without insulin detemir (p < 0.0001). No major hypoglycaemia occurred and minor hypoglycaemia rates were 0.286 and 0.029 events per participant year with and without insulin detemir (9.2% vs. 1.3%). The HbA1c efficacy reported in this study was therefore likely to be attributable to the insulin detemir. Three DPP4 inhibitors have been studied as add-on therapy to insulin (51) (52) (53) . Reductions in HbA1c were in the range of 0.4-0.7%. These studies did not use a forced titration of basal insulin, although changes in insulin doses within specified limits and discontinuation or rescue therapy for hyperglycaemia were often permitted. Therefore, without further clinical trials, these studies again cannot be directly compared with the Buse study (16) , in which insulin was adjusted to fasting targets and the exenatide effects could be attributed to the effects on prandial glucose levels.
Conclusions
In patients with type 2 diabetes, clinical studies indicate that adding exenatide twice daily to basal insulin results in robust reductions in HbA1c, modest weight reduction, no significant increase in hypoglycaemia and (in observational studies) a possible reduction in insulin dose. The combination appears to be efficacious across a wide range of patient types. Several simple titration regimens have been provided in this review for consideration, along with recommendations for down-titration of insulin in patients with minimal elevated FPG levels (or HbA1c < 8%)
